Stakeholders are being increasingly encouraged to improve their supply chain risk management in order to cope efficiently and successfully with risk of disruption due to unexpected events. However, green development was overlooked when considering environmental impact which has become a main criterion in supply chain management. Where the era of greenness threatens current supply chain partners with the need to either cope with the new green regulations or leave the field for new players. Thus, an approach to design supply chains that are simultaneously resilient, and green is needed. This study satisfies this need by developing a green and resilient (G-resilient, here after) fuzzy multi-objective programming model (GR-FMOPM) to present a G-resilient supply chain network design in determining the optimal number of facilities that should be established. The objectives are minimization of total cost and environmental impact and maximization of Value of resilience pillars where Redundancy, Agility, Leanness and Flexibility (V-RALF) are four of the main pillars of supply chain resilience. Fuzzy AHP is used for determining the importance weight for each pillar followed by the application of a Fuzzy technique for assigning the importance weight for each potential facility with respect to RALF. The importance weights obtained by Fuzzy AHP and the Fuzzy technique are then integrated in the third objective (maximization of V-RALF) to maximize the value of resilience pillars. Based on the fuzzy multi-objective model, the ε-constraint method is used to reveal Pareto optimal solutions and TOPSIS was then used to select the final Pareto solution. A case study is used to validate the applicability of the developed GR-FMOPM in obtaining a G-resilient supply chain network design and a trade-off among economic, green and resilience objectives. Finally, a sensitivity analysis is performed on the importance weight for facilities Pareto solutions with respect to the importance weight of RALF. Research findings proved that the developed GR-FMOPM could be used as a tool in evaluating and ranking related facilities with respect to their resilience performance. It can also be used to obtain a G-resilient supply chain network design in terms of facilities that should be established towards a trade-off among the three aforementioned objectives.
Introduction
Recently, the focus of supply chain resilience has gained a growing interest by supply chain managers and academics due to significant incidents happening around the world (Soni et al., 2014; Reyes Levalle and Nof, 2015) . The major concerns are how to improve their supply chain risk management to generate a resilient supply chain that can efficiently pre-empt and react to disruptions due to unexpected incidents (e.g. natural disasters and variance in demands and supply). Unexpected disruptions in the flow of information, merchandise, and services can happen due to incidents such earthquakes, floods, etc., and can lead to a failure in supply chain's performance in terms of satisfying customers' demands at the right time and right location. For instance, the earthquake that happened in Japan in 2007 lead to significant damage to the area where Toyota's key suppliers were located. Therefore, Toyota had to shut down production in 12 plants due to lack of supplies (Pettit et al., 2010) . Supply chain managers of IBM reported that risk management ranks as the second main concern for them (IBM, 2008).
A study accomplished by Computer Sciences Organisation reported that 60% of the surveyed enterprises stated that their supply chains are subject to disruptions. Moreover, 46% of the supply chain managers acknowledged that effective supply chain risk management is required (Hillman and Keltz, 2007) . Thereafter, a limited number of enterprises have taken steps to generate resilient supply chains (Muthukrishnan and Shulman, 2006) .
The increasing concern of environmental problems for supply chain management has led to an expansion of the boundaries of awareness from conventional to green supply chain networks.
Carbon dioxide (CO2) levels are one of the main environmental factors that negatively affect the climate where growing energy consumption leads to an increase of the effect (Jabbar, 2008) . Thus, decreasing CO2 emissions has become of paramount importance for industries, particularly in the USA, the European Union countries, and Japan, due to altered consumer behaviour that seeks green services and goods.
Supply chain managers and researchers are being tasked to improve supply chain resilience to cope with disruption risks. They have lagged behind this target, overlooking green development in considering environmental impact which has become a main criteria in supply chain management and vice versa. Where the era of greenness forces current supply chain partners to either adapt to the new green regulations or to leave the field for new players. A survival plan is to develop an integrated approach which is simultaneously resilient enough to efficiently cope with unexpected disruptions and green in order to handle the increasing global requirement to decrease environmental impacts. Rose (2011) argued that disruptions could significantly influence the environment, which interrupts the main processes of a supply chain network. One of the main hurdles in obtaining a green supply chain is the vagueness related to supply chain processes. Consequently, resilience should be integrated with green supply chains to handle uncertainty from disruptions (Rosa et al., 2013) . Perrings (2006) clarifies that sustainability and resilience are two of the main key-effects in growing economies. Therefore, the potential approach should also consider the total costs required for the design the supply chain networks aiming to present a cost-effective, green and resilient design.
In the context of resilience pillars, Ponomarov and Holcomb (2009) reviewed the literature and proposed some elements to create a resilient supply chain. Rajesh and Ravi (2015) investigated the relationships among the enablers of supply chain risk mitigation in an electronic supply chain using the grey DEMATEL approach. The authors recently presented a supplier selection study considering resilience pillars such as flexibility, supply capability and supplier profile. Kamalahmadi and Mellat-Parast (2016) argued that the flexibility of supplier capability could be an effective strategy to improve resilience. Rice and Caniato (2003) differentiated redundancy from flexibility. Redundancy capacity is an additional capacity that can be used to replace the loss of capacity caused by a disturbance. Flexibility, on the other hand, entails restructuring previously existing capacity. Purvis et al. (2016) proposed a framework for the development and implementation of a resilient supply chain strategy, which illustrates the relevance of various management paradigms (robustness, agility, leanness and flexibility).
Several research papers have accomplished generating a resilient supply chain network (Carvalho et al., 2012; Pereira et al., 2014; Nooraie and Parast, 2015; Mari et al., 2014; Rezapour et al., 2017) and a green supply chain network (Paksoy et al., 2012; Kannan et al., 2013; Harris et al., 2014; Talaei et al., 2015; Tiwari et al., 2016; Wang, 2017 and 2017a; Miranda-Ackerman et al., 2017) . On the other hand, the reviewed literature shows that none or few of the previous studies have presented an integrated approach which is both simultaneously resilient in terms of robustness, agility, leanness and flexibility to efficiently cope with unexpected disruptions, and green to handle the increasing global requirements in decreasing the environmental impact.
This study presents the development of a multi-objective programming model to design a Gresilient supply chain network in solving the allocation problem of related facilities. Regarding resilience, this work considers four pillars (enablers) as key factors to improve supply chain resilience including redundancy, agility, leanness and flexibility as proposed by Purvis et al. (2016) . The importance weight for each pillar is determined using Fuzzy AHP and the correspondence weight for each potential facility is then determined using a fuzzy technique based on decision makers' expertise. Afterwards, the determined importance weights are integrated in the developed multi-objective model to maximize the value of resilience considering the four pillars. The developed model aims to simultaneously optimize three objectives: minimization of total operation, administration, transportation and purchasing cost, minimization of environmental impact in CO2 emissions related to transportation throughout the network and opening related facilities and maximization of V-RALF. To cope with the vagueness in some of the input parameters (e.g. purchasing costs, purchasing quantities, demands, CO2 emissions and capacity of facilities), the multi-objective model is then developed in the term of a fuzzy multi-objective model. The ε-constraint method is employed to optimize the three objectives simultaneously in terms of revealing a set of Pareto optimal solutions. Finally, TOPSIS is employed to help decision makers in selecting the final Pareto solution.
To the best of the authors' knowledge, this research is the first attempt in developing an approach that presents a resilient (considering the main pillars of supply chain resilience) and green supply chain network design using multi criteria decision-making and multi-objective optimization approaches. Furthermore, none of the previous studies have used multi criteria decision-making techniques (e.g. AHP or Fuzzy AHP) to assign the related weights for resilience enablers (e.g. robustness, agility, leanness and flexibility) and integrate them in a fuzzy multi-objective optimization model aiming to maximize value of resilient.
The structure of the paper is as follows. Selected literature is reviewed in Section 2. The problem and research methodology are illustrated in Section 3. The developed fuzzy multiobjective model and its optimization methodology is described in in Section 4. The results and discussions are presented in Section 5. Finally, conclusions and avenues for future directions are drawn in Section 6.
Literature review
The reviewed literature revealed that some research MCDMs for designing and optimizing supply chains network design has already been conducted (Harris et al., 2014; Talaei et al., 2015; Mohammed and Wang, 2017a) . This section has reviewed related studies that used MCDM in green supply chains and supply chain resilience.
MCDM in green supply chains
Several research studies have employed multi-objective optimization for handling the environmental impacts of supply chain network design. Kelly et al. (2013) reviewed five approaches that can be used for assessing and managing environmental responsibilities. Elbounjimi et al. (2014) analysed a literature review of the mathematical models used to design green closed-loop supply chain networks. Eskandarpour et al. (2015) presented a literature survey study on facility location problem reviewing 87 academic papers which taking into account economic and ecological aspects and discussing several optimization methodologies.
Furthermore, the authors categorized the papers based on the modelling type e.g. single objective, multi-objective, deterministic, stochastic, and non-linear. Recently, Govindan et al. (2017) reviewed research in the field of green supply chain network design under uncertainty.
Elhedhli and Ryan (2012) formulated a model for solving a supply chain design problem with respect to CO2 emissions due to transportation throughout the chain. Bing et al. (2015) proposed a mathematical optimization model programing for optimizing re-allocation of intermediate processing plants considering emission constraints. Entezaminia et al. (2016) developed a multi-objective programming model for obtaining a green supply chain network design considering the environmental impacts. Li et al. (2017) solved a two-echelon supply chain network design problem considering the production and transportation outsourcing problems restricted to the cap-and-trade policy and carbon tax policy. Garg et al. (2015) proposed a bi-objective integer nonlinear programming for solving closed-looped four echelons supply chain networks taking into account the environmental issues. Sahar et al. (2014) modelled a multi-objective programming model that aims at minimizing CO2 emissions of transportation and the total cost for a dairy supply chain network. Paksoy et al. (2012) proposed a fuzzy multi-objective model for a green closed-loop supply chain network in minimizing transportation costs and CO2 emissions. Soleimani et al. (2017) Goal programming was applied to cope with various conflicting targets e.g., total cost, green responsibilities and shortages cost.
MCDM in supply chain resilience
The study of supply chain resilience has drawn substantial interest from researchers. In this context, there are several papers in the literature that used multi-objective optimization is minimizing disruption risk which aims to generate a more resilient supply chain. Snyder et al. Purvis et al. (2016) , demonstrated the application of a qualitative supply chain resilience assessment technique within the food and drink sector based on a "traffic light" system. Where a matrix of 16 key company activities (such as: ingredient sourcing, production planning and logistics control) versus the four key management paradigms that create resilience (robustness, agility, leanness and flexibility) is used to evaluate companies. Each activity is qualitatively assessed (against the perceived industry norm) and then assigned a score that is interpreted into a "traffic light", from 1 (worst = red) to 5 (best = green).
The literature review revealed that research has been conducted into generating resilient supply chain networks and green supply chain networks (Paksoy et al., 2012; Kannan et al., 2013; Harris et al., 2014; Talaei et al., 2015; Tiwari et al., 2016; Mohammed and Wang, 2016) . Table  1 lists a number of important studies that use various approaches to obtain green and resilient supply chains.
However, the reviewed literature showed that sustainability and resilience aspects have been considered individually (Redman, 2014) as none of the previous studies have presented an integrated approach which is simultaneously resilient in terms of robustness, agility, leanness and flexibility to efficiently cope with unexpected disruptions and green to handle the increasing global requirements in decreasing the environmental impact. The only three studies found in the literature considering resilience and green aspects was presented by Mari et al. (2014) ; Fahimnia and Jabbarzadeh (2016) and Zahiri et al. (2017) . Mari et al. (2014) proposed a multi-objective model that simultaneously optimizes total cost, disruption costs and carbon emissions throughout a supply chain network. Zahiri et al. (2017) developed a possibilisticstochastic multi-objective optimization model to design a pharmaceutical supply chain network considering sustainability and unexpected disruptions. Similarly, Fahimnia and Jabbarzadeh (2016) formulated a stochastic fuzzy goal programming to embed sustainability and resilience responsibilities into supply chain network. The resilience aspect was formulated based on probability of disruption occurrence. However, the two studies did not consider (1) the main resilience pillars in designing the supply chain network that we consider in this study, (2) the weight of each resilience pillars, (3) the integration of importance weight of resilience pillars into the multi-objective model, and (4) the model formulated by Mari et al. (2014) did not handle the uncertainty in the input parameters. Thus, this study enriches related literature in green supply chain and supply chain resilience in several ways. It presents the development of a green and resilient fuzzy multi-objective model to obtain a green and resilient supply chain network design with respect to multiple uncertainties. Also, it incorporates the main pillars of supply chain resilience in the developed fuzzy multi-objective model. Moreover, it allocates an importance weight for each resilience pillar (i.e. RALF) and for each potential facility correspondence to these pillars using multi criteria design-making techniques. AHP is used to assign importance weights for the four pillars (i.e. robustness, agility, leanness and flexibility) of supply chain resilience. Secondly, a fuzzy technique is used to allocate an importance weight for facilities E and F with respect to the four resilience pillars. Thirdly, the obtained weights from fuzzy AHP and the fuzzy technique are incorporated in a developed multi-objective model that aims at minimizing total cost and environmental impact and maximizing V-RALF. To cope with the fuzziness in some of the input parameters (e.g.
purchasing costs, purchasing quantities, demands, CO2 emissions and capacities of facilities),
the multi-objective model is then developed in terms of a fuzzy multi-objective model.
Fourthly, the ε-constraint method is used to obtain a set of Pareto optimal solutions. Finally, TOPSIS was employed to select the final Pareto solution. Figure 2 shows a framework in terms of the processes followed for developing a hybrid MCDM-fuzzy multi-objective programming approach towards a G-resilient supply chain network design. 
Obtaining the importance weights
In this research, fuzzy AHP is used to determine the importance weight for each resilience pillar. Fuzzy AHP is a decision-making algorithm presented by incorporating Saaty's AHP approach developed in the 1970s with fuzzy set theory (Saaty, 2000; Zimmermann, 2010) . In this algorithm, fuzzy numbers are presented by a membership function that is a real number between 0 and 1. Several research works have proved its applicability in solving related problem in supply chains and logistics (Shaw et al., 2012; Kannan et al., 2013; Li et al., 2013; Viswanadham and Samvedi, 2013; and Junior et al., 2014) . Table 2 presents the linguistic variables used for evaluating the four pillars. Decision makers need to evaluate the importance of each pillar using the given linguistic variables. The Fuzzy AHP is applied as presented in Appendix A. Very strongly important (VSI) (0.5, 0.7, 0.9)
Extremely important (EI) (0.7, 0.9, 0.10) Afterwards, the weight of each potential facility with respect to each resilience pillar is determined as follows:
1. Build the decision matrix (MD) based on decision makers' expertise as shown in Eq. 1. Table 3 presents the linguistic variables used for evaluating facilities E and F with respect to each resilience pillar based on decision makers' expertise.
Where N is the number of decision makers who evaluate the resilience performance of a particular facility (l).
2. Build the normalized decision matrix as follows:
3. Determine the weight of each potential facility in terms of each resilience pillar by building the weighted normalized decision matrix as follows:
Where MWNl is the weighted normalized decision matrix obtained by multiplying the normalized decision matrix (MMD) by the weight of resilience pillars obtained by using fuzzy AHP. 
High (H) (5, 7, 9) Very High (VH) (7, 9, 10) 
GR-FMOPM formulation
This section presents the development of a fuzzy multi-objective programming model used for obtaining a G-resilient network design for a supply chain. This model helps decision makers in determining the optimal number of facilities E and F that should be established with respect to economic, green and resilient responsibilities. The objectives include minimization of the total cost (O1), environmental impacts (O2), and maximization of value of robustness, agility, leanness and flexibility (V-RALF) (O3).
The GR-FMOPM model for the supply chain problem is formulated based on the following basic assumptions:
 Critical parameters such as purchasing and transportation costs, CO2 emission/vehicle/m, purchasing quantities of abattoirs, demands of retailers and capacity levels of facilities are assumed to be uncertain.
 Facilities F and G have different purchasing function in term of purchasing quantities and demands.
 The supply chain under study is a forward supply chain network.
 The potential locations of facilities are known.
 The number of facilities G is fixed and known.
 There is no product transportation between facilities at the same level i.e., between two facilities E.
Sets, parameters and decision variables were used for formulating the GR-FMOPM presented in Appendix B.
The first objective O1 minimizes the total cost, which comprises cost for purchasing product 1 from facilities E and product 2 facilities F, operating cost for running facilities E and F, 
The second objective O2 minimizes the environmental impact, which comprises the minimization of CO2 emissions due to running network facilities E and F and transporting product 1 and 2 from facility E to F and from facility F to G, respectively. The minimization of O2 is formulated as follows:
The third objective O3 maximizes the value of supply chain resilience in term of maximizing resilience pillars i.e. robustness (R), agility (A), leanness (L) and flexibility (F). The importance weights for each pillar and each facility (with respect to the four pillars) obtained by using the fuzzy AHP and the fuzzy technique are used to formalize the maximization of V-RALF. The maximization of O3 is formulated as follows:
Subject to: 
Where, Eq. 7 restricts the quantity of product 1 transported from facility E to F so that it cannot exceed the capacity of facility E. Eq. 8 ensures the quantity flow of product 2 from facility F to G does not exceed the capacity of facility F. Eqs. 9-11 ensure that the purchasing quantities of facility F and demands of facility G are fulfilled from facility E and F, respectively. Eqs. 12
and 13 indicate the required number of labourers (x e and x f ) at facilities E and F. These were formulated as decision variables and determined based on working rate per labourer/day (r e and r f ) (i.e., how many unit labourer/day can handle) that can handle quantity flows of products (m e and m f ). In other words, these terms refer to the total labourer/hour required to process a specified quantity of products. This helps in limiting operating cost to the required number of labourer-hour to handle quantity flows of products rather determine it based on a fixed number of labourers that could probably be less or over the required number of labourers to run the facility. In the field of operation management, this is also so-called man/hour. Eqs. 14 and15
limit the non-binary and non-negativity restrictions on decision variables. 
According to Jiménez et al. (2007) , the constraints in the multi-objective model that include uncertain parameters in supply capacity (see Eq. 7 and 8), purchasing quantities and demands (see Eqs. 9-11) should be fulfilled with a confidence value which is presented as α which is normally assigned by decision makers. The α value is associated with the uncertain parameters which include capacity of related facilities (Eqs. 19 and 20), purchasing quantities of facility F and demands of facility G (Eqs. 21-23). Also, mos, pes and opt are the three prominent points (the most likely, the most pessimistic and the most optimistic values), respectively.
GR-FMOPM Optimization
In order to optimize the developed GR-FMOPM, the flowing procedures are applied. 
where Ab represents the value of b th objective function and Maxb and Minb represent the maximum and minimum values of b th objective function, respectably. 
2. The ε-constraint method is used to optimize the three objectives simultaneously. This method transforms the multi-objective model to a mono-objective model by keeping one of the functions as an objective function, and treating other functions as constraints limited to ε values (Ehrgott, 2005) . The equivalent solution formula (O) is given by:
Subject to:
In addition to Eqs. 23-31.
In this work, the total cost minimization is kept as an objective function (Eq. 35). Minimization of environmental impact and maximization of V-RALF is moved to ε-based constraints as presented in Eqs. 36 and 38, respectively. Different Pareto solutions can be generated by varying values of ε1 and ε2. These values are varied between the maximum and minimum values of objectives three and two, respectively.
Revealing the final solution: TOPSIS
After obtaining a set of Pareto solutions, decision makers should select one solution to establish the number of facilities E and F. The selection of the final solution can be determined based on the decision makers' preferences or using a decision-making algorithm. In this work, TOPSIS is used for helping the decision makers in selecting the final solution which is the closest to the ideal solution and furthest to the nadir solution. The application steps followed in Ramesh et al. (2012) are applied and discussed in Appendix C.
Evaluation of the GR-FMOPM: A case study
In this section, a case study of a meat supply chain, which encompasses 3 farms, 4 abattoirs and 7 retailers, is examined to evaluate the applicability of the developed fuzzy multi-objective programming model in solving a facility allocation problem with respect to economic, green and resilience responsibilities. In this chain, livestock is supplied from farms (set of facilities E) to abattoirs (set of facilities F) to be slaughtered then transported to retailers (set G) as a packed meat. Table 4 shows the input parameters used for the case study. For example, the supply capacity of farm e ( ) is given in a range 1,500 -1,800 livestock. The data is collected from the meat committee in the UK (HMC). The travel distances between farms and abattoirs and between abattoirs and retailers are estimated using Google maps. Also, the demands and supply capacity of abattoirs and retailers reported in Table 4 , is the total demand and capacity (livestock or meat packets) for a one-year period. It is worth mentioning that the CO2 emission per facility was collected from facilities environmental impact record. The later as illustrated by practitioners, it was estimated based on estimated CO2 per livestock (unit) which is based on national record in the UK. A decision maker (ADM) from an abattoir was asked to evaluate the importance of resilience pillars for the potential three farms (f1, f2 and f3) with respect to each pillar, and two decision makers (RDM1and RDM2) from two retailers were asked to evaluate the importance of resilience pillars and the potential four abattoirs (a1, a2, a3 and a4) with respect to each pillar. The decision makers have an average 9 years of work experience.
A deep discussion (about 2 hours) was held with ADM, RDM1 and RDM2 individually to explain, discuss and evaluate resilience pillars and facilities. For the purposes of the study the following definitions were used in discussions with the decision makers: c e Supply chain resilience "the ability of a [supply chain] to return to its original state or move to a new, more desirable state after being disturbed" Christopher and Peck (2004) . This would involve the meat supply chain network, shown in Fig. 1 earlier, being able to withstand and adapt to the shocks and stresses it is presented with.
Robustness measures the ability to withstand disruptions to elements within the supply network, either through the immediate availability of alternative suppliers or being capable of quickly planning the incorporation of new suppliers. For example a retailer may have alternative suppliers available should an issue arise with a particular abattoir.
Agility evaluates the ability to respond in a quick and well-coordinated manner to comparatively small market opportunities, through having a partner able to handle unexpected / volatile demand. An example would be an abattoir having several small specialist farms it can source from to help cope with demand peaks.
Leanness assesses the absence of excess / waste and hence the ability to fulfil predictable, base-line, demand in an efficient manner. This could be a retailer that sources from several abattoirs that are able to efficiently and cost effectively meet a known base-level of demand.
Flexibility gauges the ability to respond easily to disturbances in the supply network, whilst maintaining control of costs and lead-times. This involves having processes in place that enable effective response when disturbances in the supply chain are sensed, such as weather conditions that may prevent livestock from being taken to an abattoir for processing.
Finally, LINGO 11 software is used for optimizing the GR-FMOPM running of a personal computer with a Corei5 3.2GHz processor and with 8GB RAM. 
Results
The developed GR-FMOPM is optimized using the aforementioned input parameters as follows:
1. Table 5 shows the evaluation of the four resilience pillars based on decision makers' expertise. As shown in summing the values determined in the previous step. Finally, RI value corresponds to the number of criteria, further details, we refer the readers to (Saaty, 1994) . In this work, CR1 = 0.0475/0.91 = 0.052 and CR2 = 0.031/0.91 = 0.034 which turned out an acceptable level of inconsistency for the first and second evaluations, respectively.
2. Fuzzy AHP is applied for allocating the importance weights of each resilience pillar including robustness, agility, leanness and flexibility based on decision makers' expertise obtained in the previous step. Table 6 shows the obtained importance weight for each pillar. As shown in Table 6 , the importance weight order is Agility>Robustness>Flexibility>Leanness based on ADM's expertise, and
Agility> Flexibility> Robustness>Leanness based on RDMs' expertise.
3. Table 7 shows the evaluation of farms and abattoirs with respect to the four resilience pillars based on decision makers' expertise. Eqs. 1-3 are then followed to determine the importance weights of the potential three farms and four abattoirs using the input parameters obtained from the previous step. Table 8 shows the results corresponding to the relevant pillars. Based on the obtained results, arguably, farm 2 (GW = 0.383483) and abattoir 3 (GW = 0.298397) revealed the highest resilience performance compared to farm 3 (GW = 0.272640) and abattoir 2 (GW = 0.214060) which revealed the worst resilience performance.
4. The three objective functions previously developed in section 4.1. are optimized simultaneously using the ε-constraint method as follows:
4.1. The minimum and maximum values for each objective are obtained via Eqs. 29-34, respectively. Table 9 shows the obtained objective values; for example, O1
{minimum, maximum} = {344,703, 501,868}. These values are used for assigning ε values and the correspondence membership functions for each objective.
4.2.
Objective one (minimization of total cost) is left as an objective function and objectives two and three (minimization of environmental impact and maximization V-RALF, respectively) are shifted to the constraint. 4.3. The range between the maximum and minimum values for objective functions two and three are divided into ten points, the points in between are assigned as ε values in Eq. (36 and 38).
4.4. Pareto optimal solutions are obtained by applying Eq. 35. Table 10 shows a set of obtained Pareto optimal solutions which represent trade-offs amongst three objectives which include minimizing the total cost and environmental impact and maximization of V-RALF. Also, these solutions show the correspondence number of farms and abattoirs that should be established. Trade-off solutions among the three objectives are illustrated in Fig.3 . For instance, solution#1 leads to a total cost of 361,348, a CO2 emissions of 211,000 and value of resilience (V-RALF) of 2.
This solution requires an establishment of farm two (0 1 0) to supply livestock to abattoirs two and four (0 1 0 1). This solution is obtained via an allocation of ε1=211,075 and ε2 = 2. Fig. 4 shows the Pareto frontier among the three objectives.
As shown Fig.4 , the undesired increase in total cost leads to a desired increase in supply chain resilience. Arguably, this is an expected outcome as the number of farms and abattoirs that should be established require extra cost. On the other hand, increasing the number of farms and abattoirs would provide multi-sourcing of livestock and meat products which would improve supply chain resilience as multisourcing is one of the main key-factors in supply chain resilience. Thus, it can be argued that decision makers need to spend more money to have multi-sourcing which would improve their supply chain resilience. It should be mentioned that the ε-constraint is applied with ten α levels between 0 and 1 with an incremental step 0.1. Consequently, the fuzzy multi-objective model is frequently solved for each α level.
4.5. The membership degrees for the three objectives are determined based on the maximum/minimum value and the objectives values obtained in the previous step. Table 10 presents the obtained membership digress for the three objectives.
4.6. Finally, TOPSIS is applied as an aid for decision makers for selecting the final Pareto solution. Table 11 shows the ranking of solutions according to their closeness coefficient (closeness from the ideal solution and the furthermost from the nadir solution). As shown in Table 11 , solution#4 revealed the highest closeness coefficient (ccp = 0.381474185). Thus, it is selected as a final solution to design the resilient and green meat supply chain network since it leads to the best compromise of economic, green and resilience performance. Based on this solution, the minimum total cost is 409,515; the minimum CO2 emissions is 304,000 and the maximum value of resilience pillars (V-RALF) is 2.285. Also, this solution requires the establishment of two farms to supply livestock to three abattoirs as geographically illustrated in Fig.5 . This solution is obtained via an allocation of ε1= 304,075 and ε2 = 2.285. Figure 5 . Geographical illustration of the selected facilities corresponding to solution#4.
Sensitivity analysis
A sensitivity analysis is performed to study the effects of changing the weight of resilience pillars on the weights of facilities. Eight different scenarios of weights are assigned to resilience pillars (see Eq. 3) related to farms and abattoirs. Tables 13 and 14 show the results related to the importance weights of farms and abattoirs, respectively. As shown in Tables 13 and 14 , the sensitivity analysis reveals small variations in the importance weight of facilities. However, both farm 2 and abattoir 3 obtained the highest global weights for the eights scenarios of weights. This can be interpreted as the robustness of our implemented approach in finding the weight of facilities with respect to the resilience pillars. Finally, another sensitivity analysis is also conducted to investigate the effects of varying the weight of the three objectives (i.e., minimization of total cost and environmental impact and maximization of Value of resilience pillars) on the obtained ranking of Pareto solutions obtained by using TOPSIS. Six different combinations of weights are assigned to the three objectives in Eq. 50. Pareto solutions are found to be more sensitive to the weight variation of the third objective (i.e., maximization of Value of resilience) compared to the weight of objectives one and two. 
Managerial implications
The results demonstrate the following implications from the managerial perspective:
 The developed GR-FMOPM can be used as an aid for similar companies to improve their supply chain resilience and cope with the increasing environmental regulations.
 The procedures applied for weighting resilience pillars and facilities can also be used as a decision tool by decision makers in order to evaluate their suppliers with regards to resilience pillars. However, other pillars can be added.
 The quality and safety of food are two major concerns for customers and decision makers in the food supply chain. In this context, suppliers with high product healthiness and freshness are preferred. Therefore, the results prove that decision makers place high value on the freshness of products delivered by suppliers of livestock and meat products.
Conclusions
Recently, the awareness of environmental impact as a concern in supply chain design has increased at a rapid pace. Supply chain risk management presents another concern for supply chain managers who have to cope with events due to unexpected incidents. Between these two concerns, a trade-off among economic, environmental and resilience concerns is required to obtain a green and resilient supply chain network design.
This study contributes to the knowledge in developing an integrated fuzzy multi criteria decision-making and fuzzy multi-objective model for obtaining a green and resilient (Gresilient) meat supply chain network. This study considered four pillars for supply chain resilience namely robustness, agility, leanness and flexibility (RALF). Firstly, the importance weight for each resilience pillar is determined via fuzzy AHP based on decision experts.
Secondly, the importance weight for each farm and abattoir with respect to the four resilience pillars is determined via a fuzzy technique based on decision makers' experts. Thirdly, a multiobjective programming model is developed to obtain a cost-effective green and resilient meat supply chain network design. The first objective is formulated to minimize the total cost. The second objective is formulated to minimize the environmental impact in particular the CO2 emissions. The third objective is formulated to maximize the value of supply chain resilience in terms of maximizing resilience pillars (Maximization of V-RALF). The obtained importance weights for resilience pillars, farms and abattoirs are integrated in the formulation of objective three (maximization of V-RALF). Fourthly, the multi-objective model is re-developed in terms of a fuzzy multi-objective model to handle the uncertainty in purchasing and transportation cost, purchasing quantities, demands, CO2 emissions throughout the transportation and capacity of farms and abattoirs. Fifthly, the ε-constraint method is employed to obtain tradeoffs among the three objectives via optimizing the developed fuzzy multi-objective model.
Finally, TOPSIS is employed to select the final trade-off that is used to design the meat supply chain network. The applicability of the developed green and resilient fuzzy multi-objective model (GR-FMOPM) is validated through a case study. The results demonstrate that the developed GR-FMOPM can be used as an aid for enterprises to obtain a supply chain network design with respect to economic, environmental and resilience aspects. Furthermore, it can be used by managers of farms and abattoirs to improve their resilience performance.
A current work avenue includes an extension of the GR-FMOPM to be a SR-FMOPM (sustainable and resilient fuzzy multi-objective programming model) aiming to consider the social aspect with the presented economic, environmental and resilient aspects. This is because the security of food supply chains (resilience), environmental considerations such as pollution and food quality can all potentially impact upon the quality of life of members of the public and hence society as a whole. Future avenues of research can be an investigation of the impact of sustainability and resilience performance of facilities regarding the distribution plan of products quantity among facilities. Also, re-developing the GR-FMOPM as a multi-period GR-FMOPM would be of benefit in further illustrating the integration of strategic, tactical and operational decisions considered in this paper.
Appendix
Appendix A
Fuzzy AHP
The Fuzzy AHP is applied as follows (Wang et al., 2008) :
1. Use a decision maker's preference to build a fuzzy pair-wise comparison matrix: 1,1,1) weight of facility f with respect to redundancy obtained using Eq. 3 weight of facility e with respect to agility obtained using Eq. 3
weight of facility f with respect to agility obtained using Eq. 3 weight of facility e with respect to leanness obtained using Eq. 3
weight of facility f with respect to leanness obtained using Eq. 3 weight of facility e with respect to flexibility obtained using Eq. 3
weight of facility f with respect to flexibility obtained using Eq. 3 
A distance between alternative solutions can be measured by the n-dimensional Euclidean distance. Thus, the distance of each alternative from the positive and negative ideal solutions is given as: 
